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A  reoailabte  aspect  of  Alfvte’s  critical  ionization  velocity  (CTV)  is  the 
ease  with  which  one  can  observe  its  symptoms  in  laboratoiy  experiments  and  the 
great  difiBculty  in  obsecving  its  presence  in  space  experiments.  The  object  of  this 
paper  is  to  compare  and  to  contrast  laboratoty  and  space  CIV  experiments, 
focusing  on  one  potentially  important  difference:  the  creation  of  an  iniii»|  ion 
beam.  In  the  laboratory  experiments,  the  magnetic  Geld  is  at  rest  along  with  the 
neui^  gas  while  the  plasma  moves  across  it  In  space,  on  the  other  hand,  both 
ambient  plasma  and  magnetic  field  are  at  rest  while  the  neutral  gas  moves  relative 
to  the  twa  Flasnu  instability  cannot  occur  until  the  neutral  beam  has  obtained 
an  ionized  component.  In  space,  the  neutral  cloud  expands  rapidly  and  the 
ultimate  extent  of  ionization  depends  strongly  on  the  time  it  takes  to  develop  an 
ion  beam  capable  of  producing  super-thermal  electrons.  Pbotoionizaiion,  charge 
exchange,  associaiive  ionization  and  stripping  are  possible  mechanisms  for  seeding 
of  the  neutral  doud.  However,  because  these  produce  ions  yet  are  not  dV 
related,  their  presence  confounds  the  experimenL  Thus  the  presence  of  dV-Uke 
symptoms,  such  as  electioo  heating  and  lower  hybrid  waves,  may  give  Gdse 
evidence  as  to  the  oocunenee  of  dV.  In  this  work,  we  suggest  that  the  dV 

interact^  may  be  delayed  in  space  experiments  and  that  this  delay,  coupled  with 

the  rapid  expansion  of  the  neutral  cloud,  may  explain  the  observed  low  yields. 
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ABSTRACT 

A  temarkiMe  aspect  of  AIMn’s  critical  ionization  velodty  (CTV)  is  the 
ease  with  uHbidi  one  can  observe  its  qnmptoms  in  laboratoiy  experiments  and  the 
great  difficult  in  observing  its  presence  in  spaoe  experiments.  The  object*^  this 
paper  is  to  compare  and  to  contrast  laboratory  and  space  C3V  expoiments, 
focusing  (m  one  potentially  important  diffemice:  the  creation  of  an  initial  ion 
beam.  In  the  labmtory  experiments,  the  magnetic  field  is  at  rest  along  with  the 
neutral  gas  while  the  plasma  mova  across  it  In  space,  on  the  other  hand,  both 
amMent  plasma  and  magnetic  field  ate  at  test  while  the  neutral  ps  mova  ulative 
to  the  twa  Plasma  instaMlity  cannot  occur  until  the  neutral  beam  has  obtained 
an  kmized  cooqxment  In  space,  the  neutral  doud  expands  rapidly  and  the 
ultiinate  extent  of  ionization  dq>ends  strongly  on  the  time  it  taka  to  devdop  an 
kmbeamcapaUeofproducii^supa-tbamalelectrtMB.  Pbotokmization,  dunge 
exchange,  associative  kmizatioo  a^  stripping  ate  possible  mechanisms  for  seeding 
the  neutral  doud.  However,  because  these  produce  ions  yet  are  not  CIV 
related,  their  presoioe  confounds  the  egqwriment  Thus  the  presence  of  QV-Uke 
qmptoms,  sud)  a  electron  beatii^  and  lower  hybrid  waves,  may  give  fiilse 
evidence  u  to  die  occurrence  of  QV.  In  this  wori:,  we  suggat  that  the  CIV 
interactioo  imqr  be  delayed  in  space  eqmiments  and  that  this  delay,  coupled  with 
the  rapid  eiqiansion  of  the  neutral  demd,  may  eiqilain  the  observed  low  yidds. 

I  RTIRODUCnON 

The  coneqM  of  critical  iooizatioa  velodty  (CTV)  [1,2]  is  remarkably  simide: 
udien  a  neutral  gna  and  a  magndized  {dasma  travel  relative  to  each  otba  with  a 
velodty  perpendicular  to  the  mi^oetic  field  Vj.  and  exceeding  a  critical  value  V., 
rapid  kmizatkMi  of  the  neutral  gas  taka  {dace.  The  value  (d^V.  is  given  by 

V^~^2e4>IM 
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QV  is  a  qfclic  process.  Crossing  the  magnetic  Geld  lines,  the  plasma  creates  an 
instabOily  in  the  lower  hybrid  range,  perhaps  the  modiGed  two  stream  instability. 
The  ions  transfer  their  energy  to  the  electrons  through  this  interaction.  According 
the  quasi-linear  theory  p,4],  the  electrons  form  a  plateau  tafl  distribution  with  a 
sidetantial  fraction,  perhaps  10%,  exceeding  the  energy  of  the  orig^al  bos. 
These  dectrons  are  energetic  enough  to  ionize  the  accompanying  neutrals.  Newly 
generated  bos  feed  further  energy  into  the  electron  populatbn.  allowing  the 
process  to  continue  cyclical^.  This  process  results  in  the  bnization  of  the  neutral 
gas  at  the  expense  of  its  own  kinetic  energy. 

n.  THE  CIV  CONTROVERSY 

The  CIV  interaction  has  received  considerable  attention  in  recent  years. 
Apart  from  its  potential  importance  in  cosmology,  the  effect  could  have  important 
lamiGcations  in  spacecraft  interactbns.  In  particular,  the  CIV  interaction  would 
affect  the  interaction  of  cadsaust  plumes  with  the  space  environment,  modifying 
r^itkal  emissbn  signatures  of  space  vehicles. 

The  questbo  of  the  importance  of  the  CIV  effect  in  space  seems  somewhat 
oontroversial  at  present  The  facile  occurrence  of  CIV  in  l^ratory  ejqxriments 
(2,3,6]  has  repeatedfy  demonstrated  the  existence  of  the  CIV  interactbn  within 
weO  deGned,  and  reasonably  weD  understood,  parametric  bounds.  On  the  other 
hand,  space  experiments  [7,^  have  shown  mostly  negative,  inoonsntent  and 
puzzliitg  results. 


m.  LABORATORY  CIV  EXPERIMENTS 

The  Gnt  laboratoty  experiment  to  test  CIV  used  the  homopolar  device 
P,9].  In  this  device,  a  neut^  gas  and  a  plasma  GO  the  space  between  two 
concentric  rylinders.  In  the  experiment,  cros^  electric  and  magnetic  Gelds  drive 
the  |dasma  around  the  space  between  two  cyGnders  through  the  neutral  gas, 
which  remains  at  rest  Alfvfn  (10]  describ^  the  homopolar  experiment  as 
CbOows:  "When  the  fed-in  energy  increased  gradually,  the  degree  of  nnization 
jumped  suddenly  from  0.1%  to  100%  in  a  time  scale  of  a  few  /is*. 

Following  this  epoch  experiment,  many  laboratoiy  eqwriments  using  the 
homopolar  device  or  Uie  coaxial  plasma  gun  have  been  conducted  to  test  CIV 
[3,6, 11,12,13].  In  a  plasma  gun  (Rg-l),  the  magnetic  Geld  is  paralld  to  the  tube 
axB  near  the  plasma  source  and  perpendicular  to  the  axis  in  the  interactbn 
r^gioa  In  the  experiment,  a  neutral  gas  is  injected  into  the  region,  again  at  rest, 
and  a  puff  of  plasma  is  injected  with  an  initial  velocify  well  above  V,.  As  the 
{gasma  puff  traverses  the  neutral  gas,  rapid  ionization  occurs.  After  passage 
through  the  gas,  the  plasma  slows  down  to  a  Gnal  velocify  V,.  Interestingly,  V, 
is  near  but  above  V» 

SigniGcantly,  in  both  these  arrangements,  there  exists  from  the  outset  a 
dense  plasma  which  is  moving  relative  to  the  neutral  gas  and  the  magnetic  Geld. 
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Abo  stgoiGcantty,  bbonitoiy  aperimeots  umverully  £ul  at  high  oeiitnl  deoaity. 
Thb  tSect  has  been  attritoted  in  part  to  inelastic  collisions  of  tuperiieat^ 
electrons  with  the  neutrab  {14). 


Figure  1.  The  coaxial  plasma  gun  (5). 
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Figure  2.  A  sdiematic  diagram  of  barium  injection  in  a  CIV  space  eaqieriment 
IV.  SPACE  av  EXPERIMENTS 

bi  tpaoe  experiments,  a  neutral  gas  b  injected  into  the  amMent  plasma 
(Fig2).  Of  the  many  sudi  dedicated  egqperiments,  tmly  three  Teponoi  positive 
results.  The  duee  are  Porcupioe  (IS),  GRIT  II  [1^  and  CRRES  [17).  The  rest, 
including  King  Oab  [18],  Bubble  Madiine  I  [19],  Bubble  Madiine  n  [20],  Star 
of  Lima  [21],  Star  of  Coodot  [22],  George  Orwdl  [23],  OUT  I  f24],  and  the  ten 
rodcet  releases  of  Haitian  [25],  aOfiuled  to  obtampomtive  results.  Inaddhkm, 
the  eariy  rodbet  releases  p6]  of  barium  gas  (not  dedicated  to  tests  ai  OV)  in  the 
ISlTQi  abo  baled  to  yield  aiqr  evidence  of  CW. 

The  ionisation  yidds  in  the  three  positive  cjqwiments  [15,16^17]  are  low 
(at  20%,  2%,  and  1%  apinoxhnately).  FurtberoKne,  it  b  questionable  vdiether 
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all  of  the  iooa  observed  were  CIV  generated.  It  has  been  pointed  out  that  charge 
exchange  [27],  stri|^g  ionization  [15,28],  and  associative  ionization  [28,29]  may 
have  oocuned  un^  the  conditions  of  the  three  e3q)eriments.  These  non-CTV 
processes  vatg  be  easily  mistaken  as  CIV. 

Thus,  it  remains  to  be  explained  vdiy  tlm  yield  in  space  CIV  experiments  u 
uniform^  low. 


V.  DIFFICULTY  OF  CIV  IN  SPACE 

Thoe  mi^  be  several  reasons  why  CIV  acts  so  efficient  in  the  laboratory 
but  leads  to  low  yidds  in  space.  The  laboratory  aixl  space  CIV  experiment^ 
oonditkMis  are  very  different  In  the  laboratory,  the  neu^  and  plasma  densities 
ate  substantially  hi^ier  than  in  space  [30].  In  the  laboratory,  a  fdasma  is  injected 
into  a  neutral  gas;  in  space,  a  neutral  gas  is  injected  into  the  ambient  plasma.  In 
space,  die  magnetic  field  is  much  weaker  than  in  the  laboratory.  Wall  effects  may 
a  part  in  the  success  of  laboratory  experiments.  The  use  of  barium  in  space 
experiments,  althou^  suitable  for  its  diagnostk  properties,  may  be  a  poor  choice 
due  to  hea^  election  energy  loss  through  line  excitation  [31].  We  focus  here  on 
one  possible  explanation,  that  initial  conditions  are  not  appropriate  for  the  CIV 
interaction  at  the  outset  of  the  eiqieriment  and  that,  later,  the  rapid  eqiansion  of 
the  neutral  doud  leads  to  yields  Aat  are  necessarily  low. 

In  a  bomopolar  device  or  a  plasnu  gun,  the  plasma  is  established  prior  to 
interaction  with  neutrals.  In  the  plasma  gun  experiments,  instability  and  hot 
electrons  ate  produced  even  before  neutral  contact  Thus,  it  is  not  too  surprising 
that  rapid  ionization  takes  place.  In  space,  on  the  other  hand,  there  coexists  a 
dense  neutral  cloud,  a  stationary  ambient  plasma  of  consideraUe  density  and  a 
tenuous  beam  macte  up  of  seed  ions  created  from  the  neutrals.  In  this  case,  the 
dispersioo  of  the  modified  two  stream  instability  becomes 


sin*8— l*co5*®. 


«* 


w](p) 


(2) 


where  and  are  the  electron  plasma  and  gyrofiequencies,  U|(Ba)  and  U|(0) 
are  the  km  plasma  frequencies  for  the  barium  beam  and  otygen  background 
respectively,  k  is  the  wave  vector  and  9  is  the  angle  between  the  wave  vector  and 
the  km  beam  velocity  V. 

The  nature  a^  extent  of  the  wave  beating  of  the  electrons  depends 
strong  cm  the  relative  density  of  beam  and  ambient  ions.  Abo,  when  the  neutral 
beam  ■  very  dense,  electron/neutral  elastic  collisions  can  thwart  the  electron 
heating  altogether  p2].  To  be  considered  as  well  b  the  energy  drain  arising  from 
electron  excitation  of  the  neutrals,  which  b  preclusive  to  the  CIV  discharge  when 
the  eacbatkm  time  b  snudler  than  the  heating  time  [33].  Thb  ^Eect  b  especially 
severe  for  barium,  the  element  used  for  the  vast  majority  of  space  CIV 
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We  piopace  that  these  fiKtois,  and  perfaqis  others,  create  a  situatioo  in 
srtiich  the  neutrals  are  not  properly  seeded  in  the  early  portion  of  space 
esqieriments.  Improper  seeding  would  result  from  any  process  which  restrku  the 
6w  and  eflScient  flow  of  km  kinetic  energy  to  the  creatioo  of  superthermal 
electrcms.  These  restrictioas  can  be  thou^t  of  as  creating  a  del^  time  t^ 
between  the  release  rtf  the  gas  and  the  initiatioo  the  cyclic  nergy  transfer 
fvocess  that  is  the  critical  kmization  weloctty  disdiaige.  We  show  next  that  if  t^ 
is  too  kmg,  a  simple  model  of  the  ejqmnsioo  predicts  that  the  ultimate  yield  will 
be  low. 


VL  A  OV  YIELD  MODEL 


We  assume  that  the  CIV  discharge  has  been  delayed  by  t^  We  can  e]q>rett 
the  number  of  electrcms  e,  created  by  kmizatkm  flirough  simi^  kinetics. 


dt 


(3) 


where  e,  is  the  number  of  electrons  created  throi^  seeding,  N  the  number  of 
neutrals  of  the  beam,  k  =  <ya>  the  reactkm  rate  constant  with  v  the  electron 
velocity  and  a  the  ioniatkm  cross  section,  a  the  fiactkm  of  electrons  energetic 
enou^  to  kmne,  V  the  volume  the  neutral  cloud,  t  is  the  time  from  release, 
aixl  0  the  Heaviside  functkm.  Foryhetkal  espanskm,  which  approximates  maity 
of  the  releases  quite  weQ,  V  can  be  modded  as 

K-iwv*/*  (4) 

3  ' 


where  V,  is  the  radial  expanskm  velocity. 

If  we  ne^ect  the  ccmtributkm  of  seeding  after  t^  we  can  divide  Ity  N  cm 
both  sides,  giving  yield  Y  as  a  functkm  of  time 


£1-  3A^fa» 

'  4wv’ 


(i-y)y 

/» 


(5) 


vdiere  we  have  defined  the  yield  Y  as 


y- 


e.*e, 


N 


(6) 
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Solviqf  the  differential  eq(S),  one  obtaina 


-1 


no- 


ftir  t  2  ^  and  latere  a  constant: 

a  3ffka 


(7) 


(8) 


The  yield  Y(t)  in  eq(7)  increases  with  the  initial  yield  Yg  at  t»t^  If  we  assume 
that  the  aee^g  medianism  does  not  substantial^  deplete  the  initial  number  of 
barium  atoms,  and  if  we  further  assume  that  the  process  is  linear,  we  God  that 
before  the  discharge  begins. 


dY 

dt 


sriiere  v,  is  the  seeding  rate.  This  means  that 


(9) 


(10) 


At  tai»,  the  yield  Y  fiom  the  eaqperiment  becomes 


1  + 

f  \ 

J— 1 

f  3Nka] 

«P  - - rr 
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(11) 


Figure  3.  Yield  as  a  function  of  delay  time  and  radial  expansion  velocity. 
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It  ii  lemsrkible  that  the  yidd  Y(t4  ,v,)  (eq.ll)  dcpeodt  cnidaOy  on  the  delay 
time  t4  and  oo  the  C3q)amion  velocity  v,  0%3).  This  lesuk  has  ao  important 
unplicatioii.  U  eiectioa  impact  kmizatioo  is  voi  initiated  qaidtly  in  the  barium 
mjectioa  CIV  e3q>eiiments  hi  space,  the  ultimate  yield  win  be  compromised,  even 
if  the  eqierimoit  last  a  vay  kmg  time  and  if  the  energy  transfer  efficient  is 
100%. 

V.  THE  CONCEPT  OF  DELAY  TIME 

In  this  model,  we  treated  the  delay  time  t^  as  an  absolute  prohibition  to 
electron  impact  fcmizatioo  and  we  assum^  that  the  boundary  between  no  CIV 
ionmatioo  and  CIV  ionization  was  sharp.  Although  the  houixlaiy  may  iKit  in  feet 
be  a  step  function,  there  are  fectcMS  which  prohibit  the  energy  ^cle  from  taking 
plaoe  ei^  in  the  expansion  the  cloud. 

Tosmsend's  criterion  |34]  requires  that  the  beam  transit  time  across  a 
magnetk  field  line  exceeds  the  electron  heating  time  r^.  Plqsically,  this  limits 
the  energy  cyde  because  eketrons  are  esaentis%  tied  to  the  plane  of  the  fidd 
lines  and  E^dS;  the  electrou  carmot  ionize  if  the  neutral  doud  passes  them  by 
befrxe  they  are  heated.  This  requires  t^  to  equal  or  exceed  the  critical  trarudt 
time  rp  Ife  a  typical  space  eqieriment  model,  the  cloud  velodty  is  8  kmA,  the 
radial  eqiansion  velodty  1  kmA,  and  the  heating  time  [35]  is  about  30  ms.  In  this 
case,  Tj  would  exceed  after  118  ms. 

^  an  expanding  beam  starting  from  a  sirigularity,  the  neutral  density  N  i$ 
extremely  high  initially.  This  has  two  dEfects.  Fust,  Um  exdtatkm  wOl  prohibit 
electron  impact  ionization  {33]  if  the  time  fru  exdtation  of  an  allowed  state  of 
barium  is  shorter  than  the  beatir^  time  Tb.  Barium  has  an  unusually  large 
exdtation  cross  section  of  the  order  of  2(>15)  cm^.  l^tb  the  erqMnskm  model, 
we  find  that  is  shruter  than  1  ms  up  to  about  400  ms  into  the  release  and  does 
not  equal  untfl  about  1  second.  Line  exdtatkm,  then,  appears  to  be  a  lOcety 
fector  responsiUe  for  large 

High  neutral  density  also  leads  to  dectron/oeutral  elastic  coDkions.  It  has 
been  suggested  {1532]  that  these  collisions  effectively  suppress  the  ttmdified  two 
stream  instability  untfl  such  time  as  the  dastk  colliskm  time  equals  the  krwei 
Iqfbtid  time  Om'*  rqrpraxitrutely.  Evaluating  thk  condition  with  the  riKxlel  above 
a^  an  dastk  collide  cross  section  of  3(-15)  cm’  results  in  a  delay  time  t^  value 
rtf'  about  500  ms,  so  that  electronfeeutral  elastic  collisions  appear  as  a  likely  fector 
as  wdL 


The  above  factors  together  impose  restrictions  on  the  eqieriment  which  can 
be  imagined  to  result  in  a  sharp  boundary  between  oo  kmizatkm  and  ionizatkm 
att^  In  addition,  there  is  anotto  fector  due  u>  the  fittite  beam  width  L|.  'When 
L|  is  much  less  than  the  lower  hybrid  wavelmigtb  X,  the  growth  rate  is  reduced 
In  labcuatoryQVeiqrerimeat,  this  is  not  a  problem  because  L I  >  X.  But, 
in  space  CIV  esqreriments,  X  is  ctf  the  order  of  km;  X  exceeds  L|  by  a  frictor  of 
10  in  die  first  100  ms.  This  fector  does  not  have  any  sharp  transition  time  at  afl. 


565 


V.  av  SYMPTOMS  BY  NON-CIV  PROCESSES 


A  CIV  discharge  requires  seed  ionization  to  initiate.  In  CIV  space 
experiments,  seed  ionization  must  be  generated  non-ClV  processes.  For 
CTmnple,  assodatWe  ionization  charge  exchange  [27],  and  stripping  ionization 
[15,28]  ate  non-CIV  processes  that  may  occur  in  barium  jet  injections  in  the 
ionosphere. 

A  +  O  AO'*'  +  e'  (Associative  Ionization) 

A  +  O*  A*  +  O  (Charge  Exchange) 

A-t-O-^A^  +  O  +  e*  (Stripping  Ionization) 

The  product  ions  of  these  processes  may  be  mistaken  as  evidence  of  the 
CIV  interaction.  Therefore,  if  barium  ions  are  observed,  it  does  not  necessarily 
follow  that  the  CIV  interaction  has  contributed  significantly  to  their  production. 
Adding  to  this  uncertainty  is  the  fact  that  the  magm'tude  of  the  reaction  cross 
se^itiop*  for  the  above  processes  are  subjects  for  considerable  dispute  among 
researchers. 

Vlfith  the  high  velocities  of  neutral  gas  used  in  the  CIV  space  eiqwriments, 
the  ions  produced  by  the  above  non-CIV  processes  are  probably  beam-like  [29]. 
The  beam  created  the  chemical  processes  may  energize  electrons  just  as  does 
the  CIV  interaction,  thereby  producing  associated  symptoms  such  as  plasma 
instability  waves,  energetic  electrons,  electron  impact  ionization,  electric  field 
fluctuatjom  and  Alfvdn  waves,  etc.  It  seems,  then,  that  chemical  reactions  may 
mimic  the  CTV  interaction  almost  completely,  making  accurate  diagnosis  of  a 
space  experiment  extremely  difi&mlL 

Vn.  CONCLUSIONS  AND  DISCUSSIONS 

The  rrmflirting  evidence  for  CIV  from  the  laboratoiy  experiments  and  from 
the  space  eqieriments  has  led  us  to  to  the  explanations  presented  in  this  paper; 
In  the  laboratoiy,  a  plasma  beam  is  readily  available.  In  space  CIV  experiments, 
the  ambient  plasma  is  not  beam  like.  It  takes  a  delay  time  tj  for  the  neutral  beam 
to  form  an  ion  beam  and  to  initiate  election  impact  ionization.  There  are  factors 
which  prohibit  the  CIV  qrclic  process  from  taking  place  early  in  the  beam 
impaiMinn  The  yield  obtained  in  a  simple  model  shows  strong  dependence  on  the 
delay  time  t^  and  the  expansion  velocity  v,.  If  t,|  is  too  long,  the  yield  drops  off 
rframaririilly  The  icsult  is  even  more  remarkable  when  one  considers  that  the 
mo4r]  inrh>«^e«  no  loss  mechanisms  for  electrons  and  ions.  The  loss  of  electron 
energy  to  line  excitation  [31],  for  example,  could  make  the  critical  t^  even  lower. 

rj^iMiHgring  the  many  complications  in  the  performance  and  diagnosis  of 
spacff  CIV  ejqMriments,  it  seems  unlikely  that  a  100%  yield  can  be  achieved. 
Minimization  of  the  cloud  eqiansion,  however,  appears  to  be  an  important 
consideration  in  maximizing  the  yield. 
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